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PREFACE. 



The following pages presuppose a practical knowledge 
of the theory of electricity and magnetism. In this 
wise the book under notice can only serve supplementally 
to the many good treatises already dealing with the 
subject. The table of contents will show that it was 
the aim to furnish theoretical grounds for the choice 
of dynamo constants. Considerable matter will be 
found treated of for the first time, in a book of this 
compass, and it may be stated in passing that no excuse 
need be offered for employing the calculus notation. 
In the opinion of the writer this latter method is a sine 
qua non for all successful engineering work. Before 
actual examples in design are undertaken, a set of 
simple formulae are evolved for determining the over-all 
dimensions of the carcase and the dynamo losses. The 
iron and copper losses of the armature are made to 
depend upon the slot dimensions, and for trial variations 
of the latter, tables are constructed showing the advan- 
tages or disadvantages of successive choices. It is by 
referring all losses to the unit peripheral surface of 
the net armature core that, it would seem, a better 
grasp of the relative loss weights is obtained. Much 
has been said about the incremental loss at full load. 
The evidence is that it is an iron loss and in the follow- 
ing a practical method of evaluation of this latter has 
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IV PREFACE. 

been set forth. In an example an application of this 
formula is made and the influence upon the choice of 
air gap noted. The effect of the time load-factor upon 
the final choice of air gap is also shown. These latter 
are entirely novel views and it is hoped they may 
prove useful. 

The Author. 

New York, September, 1905. 
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A =s Cross section of annulus of field coil. 
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c = Specific armature copper loss. 
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Ba 
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CHAPTER I. 

THE DETERMINATION OF DIAMETER AND LENGTH OF CORE. 

In whatever manner the transformation of energy in 
the higher forms takes place, a certain amount must be 
degraded into heat. Friction, whether electrical or 
mechanical, is ever present, and since the capacity for 
heat of a body is limited, it is evident that the tempera- 
ture will rise as more and more energy is wasted. In 
the dynamo one has the usual copper losses due to the 
armature and field windings, the bearing friction and 
windage loss, the loss of the brushes due to carrying cur- 
rent and the brush friction loss. All these serve to 
diminish the efficiency of transformation of energy in 
the dynamo or motor. Since, therefore, such losses must 
inevitably occur in greater or lesser degree, a means 
must be provided by so arranging the radiative surfaces 
that the temperature rise shall not exceed a certain 
figure. This latter figure is the limit above which the 
wasteful deterioration of materials would take place. 

The engineer is thus confronted with two problems: 
to design the machine that the efficiency shall be as high 
as possible; and to endeavor to attain the permissible 
temperature rise since a lower temperature will mean a 
lack of economy of materials by providing a large vol- 
ume and hence a correspondingly great radiating sur- 
face. 

The radiative capacity of an open type dynamo or 
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motor armature is known to depend upon the peripheral 
speed and upon the cylindrical surface of the entire 
armature windings. The curve, Fig. 1, shows this re- 
lation for a permissible temperature rise of 40° C. 

From previous tested designs the possible efficiency for 
a given size and output is fairly well known. Hence, 



Fio. 1. — Curve giving Armature Radiative Capacity. 

if a given specification determines the output and speed, 
it should be possible to quickly settle upon the relation 
of the armature to the overall dimensions that will be 
necessary in order that the condition as to temperature 
rise shall obtain. 

It will be observed from Fig. (1) that the watts per 
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square centimetre that can be radiated per unit of 
peripheral speed is practically a constant quantity. 
Let this be called the radiating constant. Then let 
II = efficiency. 
T = final temperature rise. 
D = diameter of armature. 

L = length axially of the armature end connections. 
/ = length of core (including ventilating spacings). 
W = output in watts. 

V = radiating constant for temperature rise t^. 
100 jp = factor of total loss due to energy transformation 
giving loss radiated by armature. 

Then since — ^rKr\ — = loss in watts of apparatus, 

W fp (100 — ly) = armature watts dissipated. (1) 
By means of Fig. (1) 

Watts radiated __ vx 

surface X peripheral speed r^ (2) 

Hence combining (1) and (2) 

PF/p(100-)?) = ^X;rZ>(L4-/)X;r2>revs. 
and 

T 



^0 



TZ^ V 



W = , ^^^^^0 ^ .D' (L + l) revs. (3) 

fp (100 -ly) 

This is the most general form of output equation. It 
is usual for constructional reasons to take the length 
of the core as proportional to the pole pitch. (The pole- 
pitch is the periphery of the armature divided by the 
number of poles.) Usually, the aim is a square pole- 
shoe, so as to obtain the minimum condition of round 
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poles with a view to the saving of field copper; but the 
end connections are found in practice to* be also pro- 
portional to the pole pitch, since the angle subtended by 
the ends is in the neighborhood of 120° for all cases. 
This latter condition, therefore, permits of a minimum 
armature copper loss for a ratio oi D to I in terms of p 
that practically coincides with the condition of square 
pole-shoes. 

The armature winding length of mean turn is from 
Fig. (2), twice the armature length, or 2/, and twice 
the end connection length, or 2 {A C B). Since A C B 



.' 




Fig. 2. — Showing Position of Armature Coil. 

It D 
forms an isosceles triangle of 120° whose base is , 

P 

C 71 D 

length of mean turn = 2 /H — — , /^\ 

when c — —=. . 

Vs 

If the D^ /, which is roughly proportional to the 
volume of the machine, is taken as a constant; say 

DU = K (5) 

the expression (4) can be minimized with respect to D 
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by taking -y-jj ■■ 0. Using the expression (5) , 

. d /^ J ^ cnD\ ^ . 

T'7rp='^^^ = '^ (6) 

Obviously a small length of mean turn will mean less 
copper resistance, and hence less copper loss. 

Let the pole-shoe multiplier, /, (ratio of pole-shoe span 
to pole-pitch) be .7, then, for square pole-shoes the 

* 7 D 
length of core equals , and 

P 
-J = .45d p. (7) 

This is very nearly the value given by equation (6). 
The value of L can be evaluated in terms of D and p, 
(it is twice the altitude of the isosceles triangle ACB), 
and then the formula for output becomes 



W 1 .. '"\ .D^ I revs. 



fp (100 -71) 

= S ,DU revs. (8) 

The quantity 5 may be called the ** design coefficient,'* 
and is seen to have a definite physical meaning. It is 
proportional to the temperature rise and the specific radiative 
capacity and inversely proportional to the factor giving 
the armature loss, and the entire loss of efficiency of the 
machine. 
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DYNAMO DESIGN, 



Fig- (3) gives the value of 5 for different value of MV 
taken from practice. One can, however, use the fol- 
lowing empirical formula which is based upon Fig. (3), 
viz. : 

D* /. revs. = 36 x 10* (1.5 + \/py xlO-»)' (9) 
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Fig. 3.— Output Design Coefficient Curves. 

This latter equation holds good for from 1-1000 kw. 
It may be remarked in passing that if in equation (8) 
the value fp is taken as a constant, a formula for the 
efficiency based upon (8) and (9) gives 



^ = 100 



- 4.5 ( 



3.5 



+ 1 



1 



(10) 
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It should also be noted, that with formulas (6) and (9) 
the dimensions D and I of the armature follow as soon 
as the value for p is determined. The value of p chosen 
will affect the whole course of design of the machine. 
In a measure it will affect the efficiency since the fre- 
quency of magnetization and demagnetization of the 
armature iron will be dependent upon the revs, and the 
number of poles. It will also affect the commutation, 
and lastly, though not least, it will affect the element of 
price. This latter will be discussed below. It would 
appear that different values of p should be chosen so 
that one can weigh the relative merits and demerits of 
a particular design. An empirical rule involving p is 
the following: 

^^ DUjcm^) 
150.000 

Strictly speaking, the value of fp in equation (8) is 
not a constant. Formula (10) has value in giving one 
an approximate idea of the real efficiency to be ex- 
pected for a given output. 



CHAPTER II. 

THE DETERMINATION OF THE POLE PITCH FACTOR /* 

The pole-pitch multiplier / will affect the character of 
the flux distribution curve with respect to the periphery 
of the armature. Let Fig. (4) be a sine distribution 
of magnetic density taken at such periphery, 




Fig. 4. — Armature Flux Distribution Curve. 



and let area A B C D equal the area of the sine curve 

D C 

E A B F. The pole-pitch multiplier will be j^ , 

since with ordinary pole-shoe constructions the density 

at the base of the pole-shoe may be considered uniform. 

DC 2 
In a sine curve the ratio ^r^ is — =.636. With other 

£L r n 

8 
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curves the pole-shoe span will give other values 
for /. The particular flux distribution curve can be 
obtained by connecting a coil encircling a tooth 
with an oscillograph. Such a curve would present a 
graphic view of the state of magnetization taking place 
in the armature teeth during the cycle of operations 
caused by rotating the armature in a magnetic field. 
For any cycle of magnetic operations there will, in gen- 
eral, be two types of losses: the hysteresis loss, depending 
upon the maximum density of an alternation and 
the number of cycles; and the eddy current loss, 
depending upon the rate of change of magnetic 
density squared, when the material and flux den- 
sity are homogeneous throughout. The eddy cur- 
rent loss is that due to parasitic currents set up in the 
material by the varying flux, and since the watts are 

t 

proportional to I ^ d /, it follows because of e, the 

o 

voltage of a parasitic circuit, that the loss depends 
upon the rate of change of flux squared at any instant 
of time /. The resistance of a parasitic circmt is assumed 
constant. The hysteresis loss is due to a sort of mag- 
netic friction. Curves giving the iron loss per (cm)' 
of iron are shown in Fig. (5). 

Since the eddy current losses in dynamos form quite 
an important item of the total losses of a machine, it 
will be of value to determine the particular shape the 
flux distribution curve should take, in order that the 
loss may be reduced to a minimum. Further, the curve 
when once found will enable the particular pole-shoe 
span to be determined. In other words the most 
economical value of / will have been found, and the 
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shaping of the pole-shoe horns would then come up 



'^^im'^ 



for consideration. The definite integral 



will measure the eddy current loss in the teeth as the 
teeth successively pass through the magnetic field, no 



1 I 

I * 
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Pig- 5- — Armature Iron Loss Curves. 

aiatter what may be the flux distribution at the periph- 
ery. It will be assumed in the following that the magnet- 
ization of the teeth individually is uniform. With then, a 
given curve area, or flux, it will be necessary to n 



^im 



the expression I \-rr) dt subject to the condition 
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/, 



that I 5 d ^ equals A , that is, a constant. The minimum 

4 A 4 A 
function is a parabola of the form y = -r- ^ — rr ^'» 

when fc = the height or maximum density, and b is 
the base or pole-pitch. It is well known, however, 
that the curve of sines very closely approximates to 
the parabola, and hence, so far as eddy loss is con- 




FiG. 6. — Minimum Iron Loss Flux Distribution Curve. 



cemed, the curve of distribution may be taken as the 
sine or parabolic curve. The value of / for the para- 
bola is § = .666, and hence / = .7 (for a round number) 
would constitute very good practice. In the above no 
account was taken of hysteresis. In actual working, 
one can take account of hysteresis, by determining such 
a flat top wave with parabolic sides, as will give a mini- 
mum total iron loss for a given flux, and given polar 
span. In a parabola, the eddy loss is proportional to 

-jr. See Fig. (6). In the rectangle, as seen, the 

eddy loss is zero. Then let reference be made as to 
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loss, to unit peripheral speed with parabola with base m, 
and having unit height. The base w will thus be fixed, 
and the area of the figure may be taken as i4, a constant. 
The eddies will thus increase inversely proportional to 
the base length taken for the parabola, the rectangular 
area interposed having no iron loss. The hysteresis loss 
will be proportional to fe^ and would only alter if h 
altered. [The index is taken as the square though it 
might be anything from 1.4 to 2.3.] Total loss = 

— r h &' / where 5 and t are constants. The area 



of the figure will be 

A = h (m-b)-\-ibh. 
Hence work done per half cycle 

9A^ (ms + bt) 



fe (3 w -^ by 



This expression will be a minimum for -r-r = 0, which 



gives 



, (24 w^ ts-h9m^ 5^)* - 3 w ^ 

^= Tt 



The general expression for b shows, that with given 
flux, and given polar embrace, as the hysteresis becomes 
relatively more and more important, that is, on low 
speed machines, waves approaching a flat top should 
be sought, whereas where the eddies exert a pre- 
ponderating, or, at least a commensurable influence, this 
is in high speed machines, such as are now in common 
use, a wave approaching the parabola or sine would 
be of advantage. There are, however, other reasons* 



♦See under R. V. sparking constant, p. 45. 
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to show why the pole-pitch factor, /, should be chosen 
in the neighborhood of .7. One is, that the distortion 
due to the field set up by the armature ampere turns 
will be relatively small for / = .7. Professor Arnold has 
calculated a set of curves showing the form of the arma- 
ture field distribution for different values of /. An in- 
spection of these curves will determine at once the 
economy of choosing an approximate sine wave of dis- 
tribution. 




Fig. 7. — Armature Cross Flux Distribution Curves. 



It may be well to add that the apparent discrepancy 
between so-called theory and practice in the matter of 
eddy-current loss is almost entirely due to a neglect 
of the effect of flux distribution in calculating out these 
losses.* 



♦See papers by author in T/i^ Electrician (London;, Oct. 16, 
1903, and Elec World and Engineer, (New York), April 8, 1905 



CHAPTER III. 

ARMATURE IRON AND COPPER LOSS. 

The flux per pole is given by the polar area of the 
teeth in a pole-pitch, multiplied by the pole-pitch factor, 
and multiplied further by the apparent density in the 
teeth. If Br= real density in the teeth the apparent 

; — J = Ba-* The flux per pole 

;r D 
is thus f Bali V, Since the current per circuit 

W 
is equal to J = — = and since by the voltage equation 

p hi 

E = — — — rrrg — , the ampere bars, ab, follow by elim- 
ination. Thus 

60xlO«xW 



AB = 



p,R.F. 



It will simplify matters to refer losses to unit 
peripheral length, and unit net length of / axially of the 
armature core. 



♦The development of the formula is gone into in the Formu- 
lary, see page 69. 

14 
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The AB per tinit length of periphery of the armature are 

AB = — y^ p ^ T7 — This latter may be called the 

specific current volume of the armature. The length of 
actual conductor taking into account the end connec- 
tions will be given by ll\^ 7=)* '^^^ slot cross 

section available for winding will be tt Z? (1 — r) vl and 
the specific cross section will therefore be 

If ^ is the specific resistivity of copper at the tempera- 
ture of 40^ C. and ^ is the factor of the space available 
giving the net copper, we have 

Specific copper loss = [ ^. jy. ^ B^riv r ) J 

tm ■ 

iv (1 — r) A 

\/3"/ 4>'0--r) X i» B'aii vy 



__ / 60 X icy y / 



The teeth iron loss is given byt 

Teeth loss = aB^'^^x volume of teeth. 



*See under output equation page 4. 
fSee also page 77 under same heading. 
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The volume of teeth depends upon the depth of slot 
^, and r the tooth pitch ratio. The total volume of 
teeth isnD rliv, and thus the specific volume of teeth, 
t.^., per unit of periphery and unit net length of core, is 

n D r I iv X _ . 
n D liv "" 

The value of re is 1.4 and a = 4.14 X 10'* when 
B 



10.000 



is taken instead of B, Thus 



/ B V " 
Specific iron loss in teeth = 4.14 X 10"* ( n (\C\C\ ) '^ ^^* 

For determining the combined core and teeth iron loss, 

the combined loss can be expressed as a factor of the 

teeth iron loss. One has 

n D 
Flux per pole = Ba r liv, and thus the core 

density must necessarily be Ba ^ — ri — ; — 7\ — t • 

•^ p Double depth of core 

By Dr. Thornton's rule* the most profitable employ- 
ment of the core iron will take place when the double 

depth of core proper is to the diameter of the core as 

2 

— . If greater depths than that indicated by Thorn- 
ton's rule are employed, a rapid falling off in the 
magnetic density takes place. Thus, if the diameter at 
bottom of slots is s D, where 5 is a multiplier, and 
double depth of core is d, then 

d ^2 
D s~ p 



♦See paper delivered before British Association, London, 1904. 
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2 D s 
Hence d = and the density in the core (average) 

_ nBgT 
2s ' 

The volume of the core = -j \D^ s^—iP s — dyrliv 



= ^ d(2Ds-d)liv, 



but by Thornton's rule 

^ 2Ds 
d = — -— , 

P 
and, therefore, volume of core 

7^ 2D s /^ _ 2 D s\. . TzD^ s^ 
4- p 



(^^ 2 Ds\, . nP^s^ /, 1 \ , . 
\2Ds )ltv= (1 )ltv. 

\ P / P \ Pf 



The specific volume will be, since — = e /, 

7zDs^I\-—\,bIHv 
specific core volume = ^ ^ , . 



-'■(-j) 



el 



and specific core iron loss 



a nU A-— jB^r^ -*/ 
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Thus taking Ba = m B we have total specific teeth and 
core iron loss = teeth loss times 

^^ laB^ ^^Xr / 

or, teeth loss (l H j — . r [1 j . -j-j 



CHAPTER IV. 

DETERMINATION OP THE WORKING DENSITY IN COPPER 

AND IRON. 

It was seen in the chapter on Iron and Copper Loss 
that the total ampere-bars, ab, was given by the relation 

60 X 10» X W^ 

The total available slot cross section is equal to ;r D ^ (1— 
r). Hence since the copper factor is ^, the net cur- 
rent density is in the armature copper is 

eoxio'^xw 



' p.R.F4,7:DX(l-r) 

TT D 

Since however F = liv Baf 



. eoxiyxw^ 

^' RnDlivBafXTuDXil-ry 



W 
but ^3 , ^ = S. Hence 

60 SxlO* „ . 

n^ tvmf . / B \ 

Vio.ooo/ 

19 



20 DYNAMO DESIGN. 

Here it is taken that Ba = m B where B is the net 
magnetic density in the armature teeth and Ba is the 
apparent density on the assumption that all the flux 
passes from the air gap into the teeth and none by 
way of the air path in the slots. It can be taken that 
the current density in the armature copper will be 75 
amperes per square centimeter. With this assumption, 
a tentative value can be obtained for the magnetic 
density in the armature teeth. The value of m can be 
assumed to be in the neighborhood of 1.05 and the 
value of r as .5. The magnetic density will then be 
expressed in terms of X and 5. The particular density 
to work with will depend upon the machine itself, but 
this will be gone into later. Making the substitution 
indicated, the formula results in 

B = 3200 X ^ ^. ^^' 



CHAPTER V. 

SLOT SHAPE DETERMINATION. 

It was seen that the working density in the teeth 
was made to depend upon the design coefficient and 
the depth of slot. In designing the slots of an arma- 
ture the starting point can be made the depth of the 
slots. It is obvious that increasing the depth will tend 
to increase the copper volume on the armature. On 
the other hand too small a value will mean too great 
a density in the air gap and a large excitation loss. 
The following empirical formula for the depth of slots 
will be found to give good results, but a modification 
in the depth can be resorted to during the course of 
the design. Let 

A = 2 logio D (cm.) 

Settling upon a given depth of slot, different values 
in succession should be tried for the value of r. The 
formula for the specific iron and copper losses have 
been developed with a view to facilitating the choice 
of the best value of r. The formulas are quite simple 
in character and examples of their use will be given 
later on. The specific radiative capability of the arma- 
ture should also be determined and in general it will 
be found that going beyond some value of r would result 
in overheating of the armature body. On the other 
hand, some smaller value of r will give a more econom- 
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ical result from the point of view of efficiency, but on the 
other hand, the copper voltime and hence the copper 
density will be diminished. The final choice of r will 
therefore depend upon the relative importance of effi- 
ciency to heating. This must of necessity be left to 
the designer. The specific excitation loss should there- 
fore also be tabulated. (See examples given further.) 
And finally the current density should be gone into. 
In starting the tabulation a given density is assumed, 
preferably that given by the formula for density derived 
from is. Then the iron and copper losses are calculated 
for the different values of r. (Take values of r equal 
to .4, .5, .6, .7, etc., respectively.) The total losses 
for the iron and copper of the armature are then found 
for the value of B assumed. However, in general 
some other value of B will give better results for par- 
ticular values of r and X. The determination of this 
value is arrived at in a manner depending upon the 
following: Firstly, it will be necessary to show that 
that density will be the most efficient for which the 
iron loss of the armature equals the copper loss. With 
this condition the best value of B will easily follow. 
The iron loss depends upon B^ and the copper loss upon 

•^. This results from inspection of the formulas 

for the specific losses. Let i = iron loss and c = copper 
loss. 

i = a B^ and c = -55. 



B' 



Total oii+c = aS^^. 
Taking ^= 
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2 a 5 - -^5 or a 52 = -g-,. 



Hence the iron loss should equal the copper loss for the 
most efficient value of B provided r and X are kept con- 
stant 

Assume that B^ is the value of the density taken in 
determining the iron and copper losses, given by aB^^ 

new value of B to the old value J^^ to give minimum 
iron and copper losses? Let 



and -5-2 respectively, what shall be the relation of the 



aB^ ^ X , ^. 

Substituting the new value of 5, the losses will be a 5', 
and ^. But now these losses are equal to each 
other. Thus 



a 5» = -gj and a B^ = ^ 5-2 

Thus the new value of the density is determined by 
taking the old density, and dividing it by the fourth root 
of the division of the old iron loss by the old copper loss. 

To determine the minimum combined iron and copper 
losses the result can be obtained by considering the 
value of X. 
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The old iron loss is a ^i^ = t*; the new is aB^ ^ i. 
Hence 

/BV 
New iron loss = a B^ X \^) 

but -=rr = j-; — . Hence, 

B^ x^ 

new iron loss = old iron loss X —7= 

Vx 



/I 

If i = old iron loss and x = — 

c 

new iron loss = i x : = Vtc = ii^w copper loss. 

i 



Hence total minimum iron and copper loss equals twice 
the square root of the iron loss times the copper loss. 
This theorem will be used in the course of the designs 
given later. 



CHAPTER VI. 

IRON LOSS INCREMENT ON FULL LOAD. 

It has been pointed out that the form of the flux 
distribution curve exercises a marked influence 
upon the magnitude of the eddy current losses in the 
teeth. It was for this reason that the most economical 
value of / was settled upon as .7. However, when the 
armature takes on load the ampere bars of the arma- 




FiG. 8. — Armature Cross Field Curves. 



ture set up a field of fltix at right angles to the polar 
fltix, and the two fluxes combining, there results a dis- 
torted field. Fig. 8 gives a graphic view of an actual 
flux distribution curve due to the armature ampere 
turns. Were it not for the interpolar air spaces the 
distribution would be strictly triangular as indicated 
by the dotted lines; but since the pole-shoe span 
is discontinuous with respect to the armature periph- 

25 



26 . DYNAMO DESIGN, 

ery, the true distribution is as shown by the full line. 
The ordinary forms of pole-shoes are of course referred 
to. It is obvious that the armature body revolving in 
this distorted field will result in the eddy current 
losses being increased to conform with the new con- 
dition. It will be the object of the following to firstly 
show that the two fields can be considered separately, 
that is, the eddy losses can be calculated for the two 
fields independently and then added; and secondly, to 
obtain a formula from which the magnitude of the 
increased loss can be estimated. The open circuit (no 
load) flux distribution curve will be taken as a sine 
wave> and for the armature cross field the representa- 




Fig. 9. — Approximated Armature Cross Field Curve. 

tion will be as shown in Fig. 9, in which the true curve 
is approximated to by a series of straight lines. A 



calculation of the I (—77) ^^* o^ 



an actual cross- 
\ at / 





*It might be worth while to dignify the expression 

as the *'loss factor" of a given flux distribution 

curve. 
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flux curve will show how near such an approximation 
outlined above is. Further, an empirical rule deduced 
from actual experiment agrees quite well in character 
with the formula developed in the sequel. In Fig. 10 
are drawn two curves, the one a sine curve whose equa- 
tion is 

y =^ B sin x 

where B is the maximum induction, and x is measured 

2 X 
along the armature periphery, and y' = P "T" *" P 



IS 



n 



the equation for the part of the cross flux curve between 
a and fc, the limits of the pole-shoe arc and the position 




Fig. 10. — Armature Flux Distribution Curves. 

of the pole-shoe horn tips, fi is the maximum density 
due to the armature ampere turns, with the assumption 
of a continuous peripheral pole-shoe, and thus, when 

y =^ Oy X ^ -^ (or one has the midpole condition), 

and when y' = ^8, ^ = or ;r. Adding the two ordi- 
nates, that is, superimposing the two flux distribution 
curves, the equation of the combined curves is 

Y ^ Bsmx+ ^^-^. 
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Assiiming that it is sufficiently exact to measure the 
eddy loss by 




m^' 



we have 



h b 

i?AA 1 I- Cfn2 2 ^^^ ^ 2pBcosx\, 
Eddy loss = I IB^ cos' x H — ^ H ^ j d x 



j.^(x s\n2x \ 4^x 2/? sin x 



b 



This expression shows immediately that the same loss 

would be obtained had one calculated the losses of the 

fields separately and then added, since the term 

2 B B sin x ^ 

— goes out to zero for all symmetrical fields. 

Thus at least this part of the losses superimpose. It 
will be now necessary to consider the fields in the 
interpolar region. Using the same figure but taking 
the case of the straight line between x =^ and x =^ a, 

the straight line equation is y' = — —of and, as before, 

;y = B sin x. Adding ordinates 



I C/dY'\^ 

y = 5 sin a; —— rx: and the eddy loss I l—z — \dx 
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(• 



-5, - :r , sin 2 :sf 



)-^ 



2 B /? sin ^ 



a 



Investigating now from x^n — atox=7: where 

;V = J5 sin a:: 

)/' = - -^^4- —B.and 
^ a a ^ 



y == Bsinx^i-x -h —3 

a a ^ 




(4^)*— -(1 



+ sin 



2jc 



)^^ 



ic-a 



2/?Bsin:x: 



a 



JT -O 



Adding the losses for the curves Y' and Y^ it is seen 
that 



2^Bsin:3t: 



a 



It — a 



2pB sin X 



a 



= 



Thus, even here superimposition of losses Is possible, 
since the term involving ^ and B concurrently goes 
out to zero for the superimposed fields. Thus, the 
entire flux distribution eddy current losses are super- 
imposable. It follows furthermore that since any 
curve can be assumed as made up of an infinite number 
of straight lines it is only sufficient that the degrees of 
symmetry shown by Fig. 8 for the armature cross 
field to be present, for the eddy losses to be super- 
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imposable. The distortion caused by the variation 
in permeability along the pole-shoe periphery and 
in the pole-shoe will obviously upset the arrangement 
as to symmetry. This factor is however negligible. 
As regards the hysteresis loss a glance at the resultant 
curve of flux will show that the loss is not superim- 
posable. Yet no great error will have been committed 
if a new value of 1.2 times the open circuit hysteresis 
loss is taken for the full load hysteresis loss. Turning 
now to obtaining a formula for the teeth iron eddy 
current incremental loss 

^^ .H.d = x *« 



4 ;r ' * t: D 

In this equation H is the cross flux density in the 
air gap at any point, due to the ampere bars of the 
armature. Let 

d = width of gap in cm. 

X = distance measured from midpole position. The 

maximum value of x will therefore be n — . 

P 

AB = ampere bars of the entire armature. 
Now from the voltage equation, and the value of the 
current per circuit, 

AB ^ 60 X 10*^ X ly J^ 
nD pRF ^ nD 

Here W = watts output; D = diameter of armature; 
p = poles; R — revs, and F = flux per pole in C.G.S. 
lines. Thus, by above 

rr ^±£ 60x10^x1^ ttD 
^ 10 • dpRFxnD ' 2p 
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2 Tz 60. 10«. W 



10 * dp^RF 

Since the pole-pitch factor is / and not / = 1 the 
actual maximum density will be 

_ 2 ;r /. 60. 10^ W 

•** miur. 



max. 



10 dp^RF 



A constant will be necessary for the straight line curve 
of distribution when referred to sine curve open circuit 
iron loss curves for the iron loss determination. 
li y = sin x 



cos^ xdx = -Y- and f or v = — 

4 -^ n 



so as to obtain the same maximum 





4 2 8 
Thus the correction factor is — X — = — ^. Again, 

TT TT ;r 

since for the same frequency the variation is only over 
the range / instead of / = 1, an additional multiplier 

g 
will be necessary and we obtain finally — 3-^. Thus 

considering only that part of the cross flux curve under 
the pole-shoe, the loss is, remembering that the loss 

H 

in the teeth is due to — , where r is the tooth pitch ratio, 



32 DYNAMO DESIGN. 

i?' f 8 



(")•• 



120' ' n^f 



. volume of teeth 



Here e is the multiplier to reduce the losses to watts 
per cycle per seconds per cm'. To this should now be 
added the losses in the interpolar region, or, 



(^)" 



^ . volume of teeth. 



120^ •;rMl-/) 
Adding these two losses together the total eddy loss = 



R^ p^ 8 f^ V y 



120' *7r2/(l 

where V = volume of teeth. 

Substituting for H its value, there is finally obtained 

teeth loss = j^^—^ . 10^* . ^^^r^^ 

Professor Ernest Wilson (see The Electrician, February, 
1904) has shown that the flux distribution loss in the 
core of an armature is independent of the flux distribu- 
tion in the air gap. It follows therefore that the core 
need not be taken into account in determining the 
incremental eddy current loss. The value of e is 

3.27X10-" thus 

Incremental eddy current loss 

_ 262 / [volume of teeth] /Wy 
(l^f)r'd' '[pFr 

but the specific teeth volume, i.e., per t: D liv is Xr, 
thus the final reduction is 
Specific incremental loss 



222 X / W X lO-V 

r^ d^ {D ly • V 5/1000 / 



CHAPTER VII. 

THE CHARACTERISTIC CURVE AND STABILITY. 

After a machine is designed it may well occur that 
at the working magnetic density a small change in the 
effective field pole ampere turns may cause quite a 
considerable change in the voltage at the brushes. 
The extent to which this may take place will depend 
upon the shape of the characteristic or, open circuit 
curve of volts or flux plotted against ampere turns on the 
poles. Where constant voltage is an essential, changes 
in voltage due to the back ampere turns of the armature 
when the brushes are not in the exact neutral position, 
can be overcome by altering the character of the open 
circuit curve by means of thin punched plates inserted 
between the pole end the yoke, or, between pole-shoe 
and pole. These plates, which may be called " stability 
plates,'* should of course be worked at a very high 
density with the normal working flux. In this manner, 
assuming the original no-load characteristic to have quite 
a convex character, the adoption of this device results 
in quite a flattening at the working portion of the curve. 
See Fig. 11 below. The curve A is the original open- 
circuit characteristic. The curve B is the transformed 
curve. The line o a represents the air gap line of am- 
pere-turns against voltage (or flux). The line oh is 
the curve giving the ampere-turns additional to o a 
to be allowed for the stability plates. It is obvious 
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that when holes are punched in these plates, for low 
densities the added reluctance is qtiite small, but as 
the induction is increased the very high densities obtain- 
ing in the. stability plates (as much as B = 30,000) 
the plates are no better than an air layer introduced 
between the pole and the frame. So that when before. 




Ampere Turn^^ 

Fig. 11. — Effect of Stability Plates on Regulation. 

due to a given back ampere turns, the voltage would 
drop from D to E, with the new curve B, and the 
same amount of back ampere turns, the drop is only 
to OF. 

In calculating for stability plates (they need not be 
more than three or four millimetres in thickness) , it is ad- 
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yisable to calculate the flux in the iron for various values 
of A and to make graphically, an addition, to allow for the 
air cross section (for the same number of ampere turns) . 
In this manner the complicated method of reluctances 
and the equivalent reluctance is avoided. Then, having 
added the ordinates of flux for the two curves for the 
same number of ampere turns, the resultant curve can 
easily be added to the original no load characteristic 
curve to give the modified curve. 

A good rule determining the slope of the character- 
istic curve at the working density, can be made to de- 
pend upon the fractional variation of voltage, for a given 

dx 
fractional variation of ampere-turns. Let — be the 

ox 

dv 
fractional variation of the ampere-turns and — ^ be the 

o D 

dx 
fractional variation of the voltage for the variation — . 

ox 

Here dx is an element of ox and dy is an element of o D, 
As a criterion for the stability of the machine, the ratio 



dy 

~oD 

dx 



ox 



may be taken as a measure. This really gives -j- . — 

since ox=x and oD = y. Now -f- = and, therefore, 

dx ox 

the stability depends upon . — ^ = — ^. This ratio 
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for good design should be about J. Obviously, the flat- 
ter the curve the less the voltage variation for the same 
variation of ampere-turns.* It is to be remarked that 
for a considerable range of the characteristic curve the 
ratio determining the stability above spoken of would 
be practically proportional to the distance of the point x 
from o. 



♦See also paper by Messrs. Wimperis and Poynder on "Shunt 
Motor Voltage and Speed Relation in Engineering," Vol. Ixxi., 
page 562. 



CHAPTER VIII. 

DESIGN OP COMMUTATORS. 

Commutator design can be made to depend upon 
the condition of sparklessness, though the condition 
of minimum commutator losses will have some influ- 
ence upon design. The greater the number of commu- 
tator segments, the better will be the commutating 
qualities, but there is a limiting condition of the mini- 
mum width of commutator bar possible. This lower 
limit is a 1 cm. width of commutator bar. In reality 
the diameter of the commutator will follow as soon as 
the voltage and character of the winding, whether lap 
or wave, is settled upon. Preferably, the maximum 
voltage should be taken, and then, since the voltage per 
commutator bar is known (this is gone into later) , with 
a minimum width of commutator bar of 1 cm., the 
diameter results. If then, the most economical current 
density in the brushes is determined and the width of 
brush chosen, the length of the commutator will follow. 
The two important losses occurring on the commutator 
are brush friction loss, and, the electrical friction loss 
due to the contact resistance. Formulas for the de- 
termination of these two losses are the following: 

Brush friction watts = ,000135 DcR a. 

When Dc = diameter of commutator, 

a =» area of all the brushes in cm. 

R = revs per minute. 

87 



/ 
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Brush voltage drop in volts = v = .149 Ji,= J^, /, 
where Jb= current density per cm.^ of brush. It is 
thus seen that the total commutator losses in terms 
of a can be represented by 

Total losses = \-b a 

a 

Investigating for a minimum loss with -r- = o we 

da 

obtain 

— = a 
a 

Hence for maximum efficiency the brush current carry- 
ing loss should he equal to the brush friction loss, 

lip — number of brush arms = number of poles and 
2 / = current per brush arm then, 

.149 X ^-f-Jl = .000135 Z>, i? <7, and 



\ 1100 



The actual current densities usually employed In 
practice vary from four to six amperes per cm.^ Thus, 
postulating a given voltage, the diameter of the com- 
mutator is derived by virtue of the reaction voltage 
and with the diameter known, the current density 
follows. A safe rule for the width of brush is about 
.09% of the pole pitch peripheral length of the com- 
mutator. Then, knowing the amperes, the net length 
of commutator follows from the width of brush. It 
should be the aim of tlie designer not to cover more 
than three segments of the conimutator, and the mini- 
mum width of a carbon brush is roughly 1 cm. 



CHAPTER IX. 

THE SPARKING VOLTAGE S. V. 

There are really two sparking constants: the one 
depending upon. the voltage set up in the coil by virtue 
of the commutated current acting within the short- 
circuited coil whilst the brush is spanning two com- 
mutator segments; and the other, that due to the 
voltage maintained in the commutated coil, due to 




Fig. 12. — Commutated Coil Diagram. 

the limbs of the coil not residing in an absolutely neutral 
field. The first may be called the ** sparking voltage," 
and since, usually, the voltage due to the commutated 
coil cutting lines of force hinders commutation, the 
latter may be called the field sparking voltage. (Desig- 
nate respectively by S. V. and R. V.) In the subjoined 
figure let / = current per circuit; 

39 



40 DYNAMO DESIGN. 

X = circulating current due to commutation. 

L = self-induction of short-circuited coil; 

T = time of commutation; 

d / = element of T; 

e = voltage due to commutating field; 

a = area of brush. 

Then, by Kirchoff^s law, (See Fig. 12), 



a (T-t) at dt 

Since it is the sparking voltage at the instant the 
commutator leaves the brush that is the all important 
circumstance (glowing during commutation is not 
considered here), the above equation need only be in- 
vestigated for time / = T and when concurrently 
X = 0. In the limit, (and the above is the condition 
of perfect conunutation) , 

, dx T 2/7 , r dx . 

at a a dt 

dt ^ V T 15 T 

2JL 7L 

The quantity 10 is derived from actual practice. 

V 

It will be seen that since -j = constant, for a given 

value of a (by the expression for the contact voltage), 
increasing the current density, increases the sparking 
voltage. The value of z; is, that derived from consider- 
ing the current density employed in the brush with 
total current per brush arm 2 /. In the above the 
specific resistance of the brush is assumed to remain 
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constant. Had the contact voltage been assumed in- 
dependent of the current density, the equation of 

dx 
voltages by Kirchoff*s law would result in L , ■ = 

constant. Thus a straight line law results for the varia- 
tion of the commutation current. Further it has been 

V T 
usual to employ the limiting condition set by 1 — . 

Z J L 

.15 T 

= 1 '- — = — > 0. It is seen that here the current 

a L 

density in no wise enters into this condition of finite 

reactance voltage. Yet, it is known that the current 

density employed exerts a strong influence upon the 

commutation, and, hence the form given above. 



CHAPTER X. 

THE FIELD SPARKING VOLTAGE R. V. 

Due to the field set up by the remaining armature 
conductors carrying current the short circuited com- 
mutated coil finds itself in a position where it is cutting 
lines of force. It is the magnitude of the cross flux 
voltage thus set up that has been designated by e. 
The magnetizing force of the armature ampere turn will 




Fig. 13. — Integration Curves for Armature Cross Field. 



cause the greatest force to appear about the position 
where commutation takes place. Due, however, to the 
interpolar space being void of iron, the flux that will be 
actually present will be relatively small. It will how- 
ever still have an important bearing upon the state of 
commutation. Assume the conductor to be positioned 

42* 
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i t c (Fig. 13.) It is obvious that the entire path abcdef 
g A, is equivalent to two smaller circuits ah cht and 
c de f g. The real path of a magnetic line would be 
from one interpole position to the next interpole 
position through the pole-shoe, and, returning 
through the armature core. Of the two smaller cir- 
cuits, the iron reluctance is negligible compared to the 
reluctance of the air path, and thus, for the magneto- 
motive force due to the conductors between c and /, 
the only part of the path that need be taken into ac- 
cotmt is c d. Correspondingly it will be c fc for the 
conductors lying between c and i. The point c assumes 
the conductor lying beneath the brush. 

Representing the space cfhyx where the points 
/ and i are practically at midpole position, the distance 



if = T = and ic = r — x. Thus, 



d 

in AB I TT 1 1 

To '^^;rD = J ^«^'*iso. 



4 n 

To" 



h 

-'^^-{»' 



{r-x) rtr= I tiir-x)l. 



Solving for Hx and H (r -^ x), equal to Bx and B(x—x) 
respectively, 

B = B,+B^r-x) = 10* • ITD" • (2^^ + Wd)- 
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For the circumstance that b c = b d, since b c + b d 
r(l+/), 

R — ^^ AB 2 _ 8 AB 

10 • ITD • (1-/) " 10 • D(l-f) 
li V = number of commutator parts. 

„ J, Bars 7rZ>/? 8 ab ,. .r.« 

Considering lap wound machines, 

£ X 60 X 10« 



armature bars = 



RF 



W 
The current per circuit is — =-, hence, 

^ p E 

_ 1^x60x10 * 

Hence 

ExeOxlO^ nDR 8 WX 60x lO^x/iVX 10-* 
^/= 5 X— s?r- XttjX 



i?v 60 10 ^,, ..^SrrDf., 



R(l^f)D\'^UvrB, 



^ Ex4Sxl(fpS 

E 48 S X 10^ 

— ' P ' 



2 



V • '^ • 100 ;r f (1 - /) t J^ w' r* • (B/10.000)» 



= 1.31 . — .py. 



y .r 'V(B/10.000)» 

with m = 1.05 /= .7 and i v = .72 
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It should be noticed that the value of e will be a 
minimum for / = .666 other things being equal. Since 

1 



f (1-/) 



taking -j- = 0, 



Thus / = S = .666. 
Considering wave wound machines 

Armature bars = =r-r= x — . 

RF p 

W 
Current per circuit = — =^. 

p E ' 

W ExQ0xWx2 120A(fi,W 
AB = — = X 



pE RpF p^RF 

Hence for wave wound machines 

or more exactly 

£ 96 5x10' 



V ' 100 Tzf (I -f) ivm^' r" (5/10.000)' 

It may be convenient to bring the two cases under 
one heading by taking the variable /, the current per 
circuit, into account. Let t = turns per coil, or turns 
per commutator bar 

^2xnivJtHR\0^v 
^'^'~~ 600(1-/) ^^ 
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The limit of six volts is that found by experiment. 
By the former evaluations it will be seen that the 
R. V. depends upon the voltage of the machine per bar 
of the commutator, the design coefficient S and the 
density employed in the teeth of the armature. If in 
the equation for S. V. a given current density will be 
employed (with a current density of six amperes per 
cm.^ the value of v is about unity) the limiting condition 

vT . 
expressed by 1 — ^ j j will permit of expressing a 

simple relation between the R. V. and this sparking 
condition (designate the latter by S. C). Taking v=l 

T T 

1 — ^—f-f > 0, hence y-= = S. C, < 2. 

Let inductance per turn = L and let t = turns per 
coil, also V = number of commutator bars. 
L ? = inductance per coil. 

60 



Hence condition 5. C = L. t.^ J. -r;^r- . v< i.. 

•^60 

From experiment it is learned that 

is the limit of sparkless commutation. 
Thus 

R, V. 32 TT. i. V. I t} J, R. V 10-^x60 
S. C. ^ QOO(l'-f)Lt'JRv 
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Assuming a (about 4) lines per ampere per cm. 
length of imbedded conductor and one line per cm. for 
the end connection length, since the length / has to be 

multiplied by (1+ . ) to obtain the length of an 



effective bar, it follows, that 



-={-'4'!T-h<" 



l-^^ff 



10- 



Thus 



= M/10-* 



RV Z2niv. 



S.C. 10(1-/)M 
For a = 4 and s = .5, (1 — /) = .3 and i.v, = .72 

R.V. 



S.C. 



2.69. 



Thus working with a given current density and using 
S. C, it is seen that one criterion is as good as the other. 



CHAPTER XI. 



ARMATURE SELF INDUCTION. 



In determining the armature self induction the fol- 
lowing formula can be employed: 

Self induction per ampere turn per ) _ .38 (p + G) 
cm. length of imbedded conductor ) ~ \/g~ 

where p is the ratio of slot depth to slot width for open 
type slots and q is the number of slots per coil side. For 
the end connections the number of lines per centimeter of 
coil length per ampere turn can be taken as one line. In 
reality the self induction per turn is very much influ- 
enced by the flux density in the armature. Even in 
the interpole position, which is the case where the coil 
undergoes commutation, a strong fleld will considerably 
diminish the self induction. This is shown by the 
three curves. (See Fig. 14.) They represent respect- 
ively the self induction of a commutated coil at the 
neutral (interpolar) position of the brushes, and for 
field strengths of zero, normal, and a field due to twice 
the normal number of ampere turns. The influence 
of the magnetic density is easily seen. 

The curve (Fig. 15) shows the influence of lag or 
lead of the brushes on the self induction. Normal 
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field strength and normal armature current were em- 
ployed. 

It is seen that for 10% variation of the brashes from 
the neutral position either way the self induction can 



be assumed to be constant. Beyond this point the 
self induction rapidly increases, attaining as much as 
100% increase. For good commutation a strong field 
is essential though after having obtained a fair degree 
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of saturation increasing the field ampere turns no 
longer diminishes the self induction in as rapid a pro- 
portion as would repay for the increased excitation loss. 



Pig- 15. — Commutated Coil Self-induction Curves. 



CHAPTER XII. 

THE SLOT AND WINDING DIAGRAM. 

It is oftentimes necessary to construct a winding 
table for quite long ranges of speeds and voltages. 
Since the density in the teeth only varies with the 
"design coefficient," the pole-pitch, and the air gap 
length, it will mean that for a given design the flux^ 
and, hence the density, will be kept constant. Engine 
speeds for a given output are usually quite definite, 
but belted speeds permit of great latitude. Thus in the 
matter of voltage the range can be taken of from 80 
to 550 volts as consistent with possible commercial 
requirements. Having settled upon the tooth pitch 
ratio and the depth of slot that will meet with the most 
important requirement of a given carcase, it will behove 
in the matter of core stampings, to choose such numbers 
of slots as will be consistent with the multiple character 
of the windings, and thus require as small an assortment 
of stampmgs as is possible. In keeping the tooth pitch 
ratio and the depth of slot constant the relative value 
of iron and copper losses is held intact. This is a 
worthy consideration from the point of view of the 
foregoing investigations. It is obvious that with a 
variety of sets of armature windings such numbers 
of slots should be chosen as will divide evenly the 
necessary sets of armature coils. 

In stepping from one set of conductors to another, 
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gaps no larger than 10% will be sought, and, it will 
thus mean, that the field flux would in the worst cases 
not have to be varied more than this percentage. 
The number of coils per slot varies usually from two to 
four, but the practicable range is from one to six. Again, 
the number of slots may be odd or even. The advantage 
of an odd number of slots is to avoid the * 'pumping' ' action 
due to a number of slots divided evenly by the number 
of poles. If an odd number of slots is chosen it should 
be nearest that number that will result in as few dummy 
coils as possible. The number of slots under each pole 
should not be less than seven or eight. The minimum 
width of slot may be taken as nine millimetres, although 
the real limit is set by the increasingly bad capper factor 
and high inductance of very narrow slots. The maxi- 
mum number of commutator bars, and, hence of the num- 
ber of armature coils is fixed by the minimum width 
of commutator bar, which is one centimetre. The 
determination of the winding table spoken of is no easy 
task where a trial and error method is adopted, and 
it was with a view of facilitating this arduous task 
that the. following graphical method was evolved. 
Adopting the example method of elucidation let the 
following conditions be paramotint: 

Voltages 

125 

250 at 375 revs. }■ (low speed.) 

500 

Voltages 

125 

250 at 700 revs. }- (high speed.) 

500 
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Obviously the number of conductors necessary in the 
above assuming a normal flux of 4.6 mega lines are 
thusly 

435 (lap wound) 

870 (lap wound) ^ (low speed) 

1740 (lap) or 870 (wave wound) 

216 (lap wound) 

435 (lap wound) ^ (high speed) 

870 (lap) or 435 (wave) 

Proceeding with the best condition, i.e., one turn 

216 
coils, this would necessitate —^ = 108 coils. (Thus, 

sets of these coils might be used.) Observing the rules 
indicated above, it will be assumed that it was found 
tmstiitable to adopt this number of slots since it neces- 
sitated a slot width of less than nine millimeters. Thus, 
trying now two one turn coils per slot, (instead of as 
before one, one turn coil) the number of slots is dimin- 
ished to 54 (take 55 since it is odd). This latter is 
found to suit all requirements. Fifty-five is found to 
cover the cases above enumerated, being very nearly 
divisible into all the above sets of conductors. In the 
case of 435 conductors a 14 coil (lap wound) could be 
used and for the case of 1740 conductors a four-turn 
coil (wave) would be found all sufficient. It is obvious, 
the fewer the number of turns per coil, the cheaper 
the construction; and the fewer the stock of coils 
necessary to be held on hand. Consider now the ex- 
treme numbers of sets of conductors necessary. Take 
firstly the maximum voltage at the minimum revolu- 
tions and then again the minimum voltage at the 
maximum number of revolutions; 550 volts at 350 revs. 
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requires 1850 conductors and 80 volts at 1000 revs, de- 
mands 104 conductors. It will easily be seen this just 
fits the condition of a 55 slot stamping. The start 
in the method will then be made with 55 slots. Mark 
off a length on cross section paper on a slot scale of 55 
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Fig. 16. — Slot and Winding Diagram. 

to represent 55, and along this same line on a new 
scale mark off by two's a conductor-per-slot scale, starting 
from two conductors per slot (which is the minimum 
possible) up to any convenient number dependent upon 
the maximum number of conductors. (See Fig. 16.) 
The conductor per slot scale is again marked off into 



— Number of S/ofs. 
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16 
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Fig. 17. — Slot and Winding Diagram. 

turn regions by vertical lines (see Fig. 17). The posi- 
tion of the vertical lines is determined by the number 
of commutator parts possible. 

The number of turns possible per coil depends upon 
the maximum number of coils that can be connected 
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to the commutator. However, the number of commu- 
tator parts is limited, hence the number of armature 
coils is limited and since a given number of slots has 
been taken, the maximum number of conductors per 
slot is determined. The maximum number determ- 
ines the position of the vertical lines and lihe maximum 
number of coils is of course given by 

Diameter of commutator f Maximum 

= \ number of 



Minimum width of commutator bar ^armature coils. 

An example will make this more evident. 

Due to the diameter of the commutator let the maxi- 
mum number of coils be say, 157. If single turn coils only 
are to be considered, it will mean that only 157 X 2= 314 
conductors will be possible, and since there are 55 slots, 

314 
this will mean that no more than -^ = 6 conductors 

per slot will be possible. Hence the vertical line 
marking off the single turn region must be drawn at 6. 
If now two turns per coil is postulated the maximum 
number of conductors will be increased to 2 X (157 X 2) = 
628. (The maximum number of coils is of course 
always being fixed at 157.) Since as before the number 
of slots is 55 it means that the maximum number of 

conductors per slot is -^^ = 12. Now here is where 

one of the advantages of the graphical method outlined 
is evidenced. Considering two turns per coil it is ob- 
vious that the possible number of conductors with a 
55 slot stamping must be divisible by four. Hence 
although an eight-conductor per slot combination is 
possible, a ten conductor per slot is impossible since it 
is not divisible by 4. Thus along the conductors-per- 
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slot line in the two turn region only 8 and 12 are marked 
off. The intermediate number 10 is not shown. In 
the three-turn region the maximum number of con- 

942 
ductors is 3 X2 X 157= 942, with a maximum of -^- = 

55 

• 

17.2; or, take 18 conductors per slot. The vertical 
line is thus drawn at 18. They will likewise be drawn 
at 24, 30, etc. Between 12 and 18 in the three-tums- 
per-coil region there are no even numbers divisible by 
3 x2=6 and hence only 18 at the end of the three-turn 
region is shown on the conductor per slot scale drawn 
with even dimensions. In the four-turn region it will 
be found that between 18 and 24 there is only 24 that 
is divisible by 4 x 2= 8. In the five-turn region, between 
24 and 30, curiously enough only 30 again makes the 
combination that is possible for a five-turn coil with 
ten conductor sides. The number 20 which is divisible 
by 10 occurs in another region and hence can not be 
shown. The point 30 is then the only number marked. 
In the six-turn region which will be the last region 
considered, since no coils with greater number than 
six turns are made, the number 36 marks the ends of 
the six-turn region, and, also marks the only number 
between 30 and 36 that is divisible by 12=6x2. Hav- 
ing marked off the verticals, indicating the turn-regions, 
and also the sets of conductors per slot for the given 
slot number indicated by the slot line magnitude 
drawn on the continuation of the conductors-per-slot 
line, the next step is to take some point as origin, prefer- 
ably some point along the first perpendicular marking 
zero conductors-per-slot, and then, draw radial lines 
(conductors-per-slot lines) from this origin passing 
through the respective conductors-per-slot marked off 
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(or indicated) on the 55 conductors-per-slot line. See 
Fig. 18. 

It will be obvious that the radial conductors-per-slot 
lines need only be continued into the six-tums-per-coil 
region. Further the radial lines are shown dotted in 
those regions where such a number of conductors per 
slot with the turns per coil indicated are impossible. 



2 ?L— £_Jf 




Fig. 18. — Completed Slot and Winding Diagram. 

Thus the ten-conductors-per-slot line is full in the one- 
turn region, dotted in the two, three and four-turn re- 
gions, and then full again in the five-turn region. 
Lastly, a heavy radial line is drawn from the origin 
through the end of the scale making the mag- 
nitude of a 55 slot stamping. Now any horizontal line 
drawn from the zero vertical line to this slot-per-stamping 
radial line will indicate a new number of slots per 
stamping, and will be measured by its magnitude. 
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relative to the length of the 55-slot-per-stainping hori- 
zontal line. It will now be obvious that such new 
slots-per-stamping lines should be drawn as will cross 
as many of the conductors-per-slot radial lines as 
possible. Such horizontal lines can then be measured 
off, and the number of the slots-per-stamping deter- 
mined. In fact this graphic method indicates the 
futility or even possibility of a generous winding table. 
Suggested new numbers of slots per stamping are shown 
by tl.t dotted horizontal lines. The whole is a graphic 
view of the winding possibilities of the armature. 
Where the suggested dotted horizontal lines cross the 
radial lines new combinations for the winding table 
with the new number of slots are indicated. To see 
how evenly the stepping is from one set of conductors 
to the next possible, the new points should be pro- 
jected vertically down or up to the base line (the first 
conductor-per-slot line, in this case the 55-slot con- 
ductor-per-slot scale) and such projected points will be 
equivalent on the scale to which the points are projected, 
to such numbers (usually odd or fractional numbers) 
of conductors per slot with the number of slots (55 in 
this case) indicated by the line. The intervals from 
one set of conductors to the next set (in all proba- 
bility a projected point) should not be greater than a 
10% interval. Thus starting from four conductors- 
per-slot the next point should be 4.4 conductors-per- 
slot, or say 5. Evidently this point will have to be a 
projected point due to a suggested horizontal line cut- 
ting a radial line other than the five-conductors-per-slot 
radial line. Usually not more than three sets of stamp- 
ings are necessary, but the winding and slot diagram 
should be held for reference, and would thus take the 
place of a winding table. 



CHAPTER XIII. 

METHOD OF DETERMINING THE LAW OP IRON LOSS AND 

FRICTION. 

For determining the law of iron loss and friction 
four observations are necessary. With the field excitation 
constant, observe the watts required to run the machine 
on a given load and at a given speed. Then, with same 
excitation take some radically different speed and 
observe the watts necessary to overcome the losses 
whose law it is wished to determine. The copper 
losses are of course to be eliminated. 

In the following it is assumed that the watts neces- 
sary to overcome the frictional losses vary as the speed 
of rotation to some constant index. Thus let «;= watts 
at any speed a>, then, 

where a and x are constants. 

Making the first two observations let these be W 
and Q respectively. Then 

W = a i2* and a = W i?-* 

XT J. Watts _ 1 r d 0) 

Now torque = ^aar^ =-/ , , > 

(o at 

where / = moment of inertia. From the equation 

for torque, where a w^'^ = — / —-rj- , it follows, that 

:9 
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-tJ- 



where T is the time in seconds that the armature takes 
to come to rest, (or to a lower limit if necessary) , when 
the current from the armature is cut off and the fric- 
tional losses due to excitation and the bearing friction 
are still allowed to operate. Thus, from the integration 

= —V— and therefore 



X 



W \Q ) 

Taking the logarithm of both sides of this equation 

(I Q^ \ 
2- py J j (logw-logfl) 



W T log Q — log (o 

Thus taking two additional observations w^ and cji 
the terms / and T can be eliminated and one thus has 
finally 



w" \q} 



log W - log W i 
log Q - log 0) 



:) 



Here w is the watts necessary for any speed 6>. It is 
obvious that with the formula a determination can be 
made of the law of friction loss above and thus of the 
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iron loss not involving the other frictional loss. In 
this latter a calibrated motor for efficiency is necessary. 
The calibrated motor should be preferably just suffi- 
cient to overcome the losses that are to be measured 
in the larger machine under observation. Running the 
second machine at the higher speed first the watts and 
speed are observed and then the same is done at some 
lower speed. The excitation is first allowed to operate 
with the bearing friction and then later the observations 
are made without excitation. 



CHAPTER XIV. 

THE HEATING TIME CONSTANTS. 

Any machine starting up from cold in which fric- 
tional losses are taking place must gradually rise to a 
temperature above that of the surrounding medium. 
Theoretically, the law of cooling follows from the New- 
tonian law that the rate of change of temperature is 
proportional to the difference between the temperature 
of the body and that of the surrounding conducting 
air. If / is the time and r is the temperature rise 



'mod;, 



dt 



In this equation Xfnax is the maximum or final tem- 
perature rise to which the body will approach. The 
quantity T is a constant and is called the heating 
time constant. It is measured in minutes (or hours). 
It expresses the time that the body would take to reach 
the final temperature rise if all the heat generated 
were conserved in the body, i,e., without any dissipa- 
tion. Solving the above differential equation there re- 
sults 



t 



= r^ax \1- ^ ^/ 



This is the equation of a logarithm curve. It will 

02 
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be observed the subtangent for any point of the curve 
is a constant. It is no other than T, the time constant. 
Since its magnitude can be obtained by drawing a 
tangent at the origin the definition of time constant 
readily follows. 

The line o A (Fig, 19) represents the straight line taw of 
rise of temperature if there were no conducting away of 
heat. It is obvious that the curve of cooling will be 
the exact inverse of the heating curve. Furthermore, 
for intermittent running a knowledge of the two curves 



Fig. 19. — Logarithmic Heating and Cooling Curves. 

and the time constant of the machine is absolutely 
necessary in order to calculate the final rise of tem- 
perature where a particular time load factor is given. 
Plotting the Ic^arithmic curve against the percentage 

of the final temperature rise, and -=,, any machine started 

up from cold with a time constant of T minutes will 
reach the corresponding percentage of the final tem- 
perature rise in ( minutes if the percentage is read off 

corresponding to the point -^ of the curve. 
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Iw will be of value to evolve formulas for the 
time constants of open type armatures and the cor- 
responding field coils. Taking the circumstance when 
the entire heat generated is conserved within the body- 
it is obvious that the final temperature rise Tmax will 
be given by the following: 



Heat capacity of body 
Heat generation of body 



•max. 
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Fig. 20, — Temperature Rise Curve. 



Since the heat capacity is proportional to the vok me, 
and the volume can be taken as roughly proportional 
to Z>' /; further, knowing that the permissible generation 
of heat depends upon tzD I and the peripheral speed, 



smce 



Watts 
Surface 



= D. revs+6. (see Fig. 1). 



r= 



!>»/ 



Dl(DR+b) 



Constant 
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The constant b has been employed in order that the 
expression may serve for both a low and high speed 
machine. From experimental data on open type 
machines the formula for T in minutes is 

^ ^ _36000 



R + 2^^^ 



D 

If the speed R is taken to be zero T = IS D. On en- 
closed machines this latter condition can always be said 
to approximate. The exact value of the time constant 
will depend upon the particular type of machine. The 
usual range is given by T = (5—10)xD. For open 
type field coils the following formula can be employed: 
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r = 



\100/ 



where J is the current density (gross) in the field copper 
per square centimeter. The justification of the above 
formula is as follows: 

J. Volume 



Watts generated. 

If A = length of mean turn of the field coil and 
A = the (Guldinus) cross section of the field coil, 
the volume of the coil is given by A A. On the other 
hand, the watts generated are proportional to A^ X 

4- = ^MJ. Hence 
A 

Volume _ 7- _ ^ -^ 1 



Watts ~ J^AA J2 

But J is the current density (gross) in the field coil; 
hence the above. 



CHAPTER XV. 

TEMPERATURE llISE DETERMINATION OF ENTIRELY EN- 
CLOSED MOTORS. 

As has been already pointed out, the temperature 
rise of open type armatures has been found to depend 
upon the watts per square unit of cylindrical surface 
generated, and upon the peripheral speed. In the open 
type machines the air is expelled from the armature 
into the outside air and thus serves as a carrier for the 
heat of the armature body. In the enclosed type the 
same volume of air is stirred up into a vortex motion, 
and the heat of the armature body, that of the field 
coils, and even that of the commutator is imparted to 
the. same body of air in cyclic order. The great difficulty 
with enclosed motor temperature rise determination 
has been the neglect of a study of the air as a carrier 
of the internal heat to the motor casing. It is obvious 
that when a given stirring up of the enclosed air is 
reached the heated surface of armature field and com- 
mutator may be said to be in almost perfect communi- 
cation with each other. Thus the temperature rise of 
the individual parts will be dependent upon the periph- 
eral speed of the armature in transmitting the different 
heats to the motor casing, and then, when the critical 
peripheral speed of the motor is reached the tempera- 
ture will become uniform. The excess heat in any one 
part will be evenly distributed to all the surfaces till 

60 



TEMPERATURE RISE DETERMINATION. 67 

the proper uniform temperature rise is reached con- 
sistent with having passed a1 ove the critical speed at 
which the air is almost perfectly stirred. The following 
formulae can be said to hold for enclosed motors. 

Armature temperature rise C° {barrel surface alone con- 
sidered). 



watts 
= 34,500 



cm^ 



p. s. + 1780 



The watts to be taken for the armature barrel surface 
would be the armature copper loss and one-half the iron 
loss watts. The remainder is radiated otherwise than 
through the barrel surface. 

Temperature rise in C° for enclosed motor field coils 
where the all round radiating surface is employed. 

= 217,000 X^^ 



cm' 



p. s. + 4400 

The constants of this formula were obtained for watts 
per square centimetre equal to .065. 

Temperature rise in C° for commutator of enclosed mo 
tors (barrel surface alone considered) . 

A ar^r, WattS 

4.650 X ^ 

cm^ 



p. 5. + 650 



The p. s. = peripheral speed in cm. per second. 

If the peripheral speed at which the armature is to 
run is much below 900 cm. per second, the above for- 
mulae will determine the temperature rises for the 
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individual parts. If, however, the critical speed of 
900 cm. per second is reached or even passed the field 
watt losses, the commutator losses and as much of the 
armature losses should be taken as will give the same 
temperature rise for the particular peripheral speed at 
which the armature is run. Then the remainder of the 
watts generated is to be evenly distributed among the 
different surfaces, and, in the proportion of the watts 
per square unit of surface at which a uniform tem- 
perature was obtained. The proportionate increase in 
the watts per unit of surface will give the final tem- 
perature rise throughout the different parts. Should, 
however, the field watts be diminished for the higher 
speeds, allowance will have to be made for the increased 
conductivity of the coil. Obviously, the temperature 
would then be lower than the armature or commutator. 



CHAPTER XVI, 

(In the following a certain amount of repetition 
will be found,) 

Flux Per Pole. 

Consider the teeth under the pole-shoe. A certain 
amount of flux will directly cross the air gap to the 
tops of the teeth but a certain amount can be assumed 
to pass through the air of the slots (parallel to the 
sides of the teeth), to the bottom of the slots. It is 
an approximate method , but for the exigencies of design 
is sufficiently exact. The method is due to Messrs. 
Parshall and Hobart. Thus 

Total flux = teeth flux + slot air flux. 

Let B = density in teeth, and also, let 

. - . . in Total flvix 

Apparent density m teeth =^0=;^^ — rr r^ — . 

'^'^ "^ Teeth cross section 



Hence 



Total flux o Teeth flux 

■r— =^a= ^ ^t ^'- + 



Teeth cross section Teeth cross section 



Slot air flux Slot air cross section 

X 



Slot air cross section teeth cross section * 

andB„ = B,+H,(i^), if 
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i == iron factor = about .9 (due to scale, distance be- 
tween plates, etc.). 

V = ventilating factor rising to .8 in value for 20% 
ventilation. 

r = ratio of tooth width, to tooth + slot width. 

Br=^ real density in teeth andH^ density in air to cor- 
respond to Bf. 

T>i 1 TtD Irivf ry 
Flux per pole = — Ba 



.f^U.\B,.H,{i^)] 



EMPIRICAL FORMULA FOR TOOTH PITCH. 



Tooth pitch = 2 = = 2 + ---yrpr (cm.) 

^ n 100 



EMPIRICAL FORMULA FOR DEPTH OF SLOT. 

Depth of slot = X =- 2 log^o D (cm.) 

Field Coil Current Density. 

The maximum permissible current density for field 
windings with a temperature rise of 40° C is in reality 
dependent upon the radiating surfaces of the coils. 
It is, however, more convenient to use a formula involv- 
ing current density per cm.' and a given winding depth 
than one for which the radiating surface has to be 
calculated for each case. Let J = gross current den- 
sity in the field coil and let A = cross section of coil, 
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also let A = length of mean turn of coil. The watts 
lost per coil are thus 

Field watts = a (J A^x-r- 

• -A 

= aJ^AA 

but A A = volume of coil = — {D^ — (P)h when D 

and d are the external and internal diameters of the 
coil and h is the height of the coil axially. 
Cylindrical surface = n D h 



a^ (D + d) (D-d)hJ^ 

rr watts 4 ^ ^ ^ 

Hence — -z — = =r-^ 

surface n D h , 

and since D + d is practically equal to 2 D, which will 
be the case in ordinary dynamo practice, 



watts 
surface 

^D-d 



= a I — ^ — j J* (very nearly). 



But [ — 5 — j is nothing other than the winding depth, 

- watts - 

and since = constant, for a given temperature 

rise and normal dynamo constructions, 

amperes constant 



J = 



cross section Vdepth. 



From experiment the following is derived for field 
coils of open type machines with normal peripheral 
speeds, 
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amperes 



210 



gross cross section Vwinding depth 

The winding depths vary from 4 cm. in small ma- 
chines to 8 cm. about, in large machines. The depth of 
winding may be taken as 1.75 X or 3.5 log^^D, 

AIR GAP A MULTIPLIER. 

In determining the ampere turns for the air gap the 
armature is treated as if the slots were entirely closed. 



^P^im rofC9. >^ 




Fig. 22. 



It is eqtiivalent to assuming a smooth core armature. 
The actual flux per pole is employed, and on the 
assumption as to a smooth core, the ampere turns are cal- 
culated for the width of air gap, given by the radial 
distance from the tops of the teeth to the pole-shoe. 
To correct for the presence of actual slots a multiplier 
is used for these ampere turns, which of course should 
always be greater than unity. From stream line drawings 
Professor Arnold has deduced certain values for this 
multiplier which is designated by K^ The value of K^ 
can be represented by the following: 
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^1 = 



^ + \/^(l-r) 
z 

RATIO OF I> TO /? IN TERMS OF /. 

^ 7 

P 

when £ has the value of J. 

SPECIFIC RESISTANCE OF COPPER. 

The specific resistance per cm.' of copper can be 
assumed as (taking into accoimt permissible tempera- 
ture rise) 

ip = 2 X 10^ ohms. 

COPPER FACTOR. 

The value of the copper factor for ordinary arma- 
ture construction can be taken as .38. The copper 
factor of shunt fields is about .54. 

BEARING FRICTION AND WINDAGE WATTS. 

Watts = .000015 d.2•'^/.i?l•^ 

where ds = diameter of shaft in the journal in cm. U =« 
length of shaft in journal in cm. and R = revs, per 
minute. 

BRUSH FRICTION WATTS. 

Watts = mOlZbDcRa 

Dc = diameter of commutator in cm. 
a = area of all brushes in cm.* and 
R = revs, per minute. 

BRUSH VOLTAGE DROP. 

Voltage drop = .149 Jj, = v 
Jf, = current density in brush per cm.^ 
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FIELD COIL LENGTH OF MEAN TURN. 

The length of mean turn of the field coil can be approx- 
imated to in the following way. It can be taken to be a 
mean between the circumscribing circle of a square formed 
by the pole-shoe and an inscribed circle in the same 

nDj 



square. Since the length of the pole-shoe is 



P 



the inscribed circle will measure n. = -' The 

P P 

71^ D f 

circumscribing circle will measure \/2T '• The 

mean between these two circles will therefore be 

P P 

Thus the 

L.M,T ^ 1.2^-^^ 



FIELD EXCITATION WATTS FOR A GIVEN A. 

Let A = cross-section of coil and A = length of mean 
turn. Let ampere turns = A. The Joulean loss will 
therefore be 

'^ ^ 4> • A 

Now fp fdr copper at 40° C is 2x10"* ohms the vame 
of <f> for shunt fields is .54. Hence Jovilean loss is given 
by 

watts per bobbin = (A)*. - 



.54 • A 



\1000/ 



2 A 
^ .54 ^ A 
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3.7 (^-XTT^I X 



Viooo; 



cross section 



= 3.7 X 10-« X 7^- X L. M. r. X A 

cross section 



But ^ 210 



cross section Vwinding depth 
and L.M.r= 1.2 X J^^l 



Hence watts per bobbin 



3.7xl0-«x210 ^ ^ . r D 

Xl.2X7t^xf .— X A 



V winding depth P 

and for the entire machine or p poles it will be 

^^, .^ ^. , . 3.7xlO-«X 210X 1.2X ;r2x/I> 
Total excitation loss = A ^ — 

V winding depth 

The specific excitation loss, or loss per nD liv for 
the entire p poles is 

^ 3.7 X 10-^ X 210 X 1.2x n'jDk ' 
Vwinding depth XnDliv 



2.93xXx '"^ 



Hv Vwinding depth 
and ii f = .7 and iv = .72 
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Specific excitation loss = 2.85 X 



^ Vw. d. 

The winding depth of the fields can be taken as 
1.75^. Hence 

A 

, ^,^ 1000 
s. e. I = 2.15 X -, — ;= 

SPECIFIC OUTPUT. 

W D RS 
The specific output = — ^^ , . = ; — = .442 , D RS 

EQUATIONS FOR {B H) CURVE OF MILD STEEL. 

From B equal to 7000 to 17000, logjo H= ^/^^^^ 



25.5-5/1000 



From B equal to 19000 to 26000, logjoH = .13 (tqqq) 

TEETH IRON LOSS. 

The iron loss can be separated into two losses: Hy- 
steresis depending directly upon the frequency; and 
the eddy current loss depending upon the square of 
the frequency. The total iron loss is given by 

Iron loss = (a^B^-^b^'^ B^). volume. 

Here x is the index of the maximum induction upon 
which the hysteresis loss is known to depend. The 
corresponding index for the eddy loss is the square 
Transforming, 

iron loss = (a*^ -^ — h h '^'^\ B^ volume 



= i^- ^ + ^ -^) 
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Now with the densities usually employed in dynamo 
design and noting the fact that the eddy loss is such 
an important item of the entire loss, the quantity 

■=^ can be approximated to by unity. Furthermore 

for ordinary frequencies a*^ +b'^^ can be replaced by a 
quantity c*^". The loss hence reduces to the simple 
expression 

Iran loss = c^^ B^x volume 

= 4.14 xlO-^-^-^B^X volume (cm»). 

The frequency is of course in cycles per second. 

The total iron loss separated into its components gives: 
Hysteresis per cycle per second = 6.85 X 10-" xB^x volume 
Eddy loss per cycle per second = 3.28 X 10-" X 5^ X volume 

Specific teeth iron loss = a B^ ^ ^ r X 



SPECIFIC CORE IRON LOSS. 



Specific core iron loss =Q:;r^£/ll j B 

= 5.1xl0-^/(l-l)(^^^)'^«, 



2 ^2 1.4 



where Ba. = ni,B 
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SPECIFIC TOTAL IRON LOSS. 

i = Specific teeth iron loss 



5.1x10-^/(1-1) (^)mV 



4.14 X 10 



Specific Teeth iron loss j l + 1.23mvA-— j -j j- 

SPECIFIC INCREMENTAL EDDY CURRENT LOSS, 

222 A /Wx lO-^Y 



n = 



222 A / Wx IQ-' Y 



SPECIFIC ARMATURE COPPER LOSS. 

Specific armature copper loss 

_/ 60xl(y y / 2ne\ ^ S^ , 



Taking / = .7, £ = .5, ^ = .38, ^ = 2 x 10^, w « .72 



, .3x(Sx wy 

s.c.l = 



(5a/10000)2 A r^a-r) 

FORMULA FOR B. 

The current density follows from 



12x5x10* 



'" m(^/10.000) A (1-r)^ 
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12xSxlO*X 10000 
Hence B = 



ntxisX (l—r)<f) 



For trial value of B take is = 70, (1 — r) = .5, m 
1.05 and <f> = .38. Then 



^ 3200 X S X 10* 

/> =a ; 



EMPIRICAL FORMULA FOR AIR GAP. 

D 



D + 50 



Professor Niethammer gives the following minimum 
rule from mechanical considerations: 

> ^ 



200 + 2 Z> 



FIELD SPARKING VOLTAGES. 



R,V = sparking voltage due to field at point of 
commutation (geometrical neutral position). 

« 1 Qi ^ S X 10^ ^ ^ 

ei-l.6l-.p. 7^(5/1000)2 ^ ^ 

Here m has been taken as 1.05, / as .7, andiz;as .72. 
The formula is for lap windings. 

For wave windings the following obtains: 



i? K - ?„ = 2.62 - . ^ ^Bno.ooor ^ ^ 
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SPECIFIC RADIATIVE CAPACITY. 

The axial length of the barrel surface of the arma- 
ture is 



/ 



(-*) 



Total barrel surface = n D I (\-\-—=y hence the spe- 

.D/(l+-^) 

.^ - . \ V 3 / w 

cific surface is pr-p Now 

^ ^ ^ ^ ^ cm^of barrel surface 



= 4.12x10"*/?. 5 (by direct experiment) where p. s, = 

W 
peripheral speed. Hence ; r-= 4.12xlO"*/?.5. 

and therefore, 



— ^ , . = :^ .4.12xl0-*/?.5., or, 

Specific radiative capacity = 1.09 X 10"* p.s. 
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EXAMPLES OF DESIGN. 



To illustrate the foregoing principles the design of 
three machines will be undertaken; a 10 kw. at 1100 
revs., a 100 kw. at 450 revs., and a 1000 kw. at 220 revs. 
For the D^ I the formula 

D^ IR = 36 XlO* (1.5 + \/k^)' will be used. 

In this manner the following is arrived at 



Output 


Revs. 


d'l 


10 kw. 


1100 


7,100 


100 kw. 


450 


106,000 


1000 kw. 


220 


1,795,000 



For determining the number of poles the empirical 

Pz^ D^ I 
rule 2 2= will be taken. 

loU UUO 

Obviously if p = 4 the D^ I has a maximum value of 

150,000. Thus the 10 kw. and the 100 kw. machines 

are indicated as four pole machines. Taking now 

p = 10, 2^ = 8, and thus the D^ I for eight poles is 

8 X 150,000= 1,200,000. For p= 12 the D^ /= 2,400,000. 

So that for the 1000 kw. machines the trial values of 

p are 10 and 12. To determine the diameter and length 

of a machine the relation -y- = e p is used where e = .5, 

82 
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Fig. 2S. — Magnetization Curve for Cast Iron. 
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Thus having given the D^ I the following results: 

10 kw. at 1100 revs, with 4 poles Z> = 24 /= 12 cm. 
100 " *' 450 " " 4 '* D = 60 /=30cm. 
100 " " 450 " " 6 " D = 75 /=25cm. 
1000 " " 220 " " 10 " D=:210 /=42cm. 
In the 100 kw. machine the influence of the number 
of poles in affecting the design is desired to be shown. 
The formula for determining the magnetic density is 

o 3200x5x10^ u ^ • -.u w u ^ ' ^ A 

n = T but m these cases higher tnal den- 
sities will be employed to show how well the chosen 
final densities are in agreement with the above 
formula. Taking the case of the 10 kw. the first step 
is to obtain the trial magnetic density, then with the 
value of B to evaluate the specific iron and copper losses 
till only the value of r remains. The depth of slot is 
given by the empirical formula X = 2 log^^ D, Having 
a value of -D = 24 it follows that X = 2.76 cm. Desig- 
nating the specific teeth iron loss by t, 

t = 4.14 X 10-* /"tt^^V- '•* r X 



Vio,ooo/ 



Also designating by c the specific copper loss 

.3 X (5 X wy 



c = 



m^ r^ 



''(^-^^(loiooy 



With /7 = 4, Z) = 24, / = 12, (^ = .325,* X = 2.76, 



*In this machine § could be taken equal to — . = 1 millimetre 
by Niethammer's formula. 
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S X 10* = 1.28, and i?= 1100. It follows that 
Rp 



365 = 



120' 



^•* = 155, and that 

.072 



c = 



r^ (1 - r) 
with m = 1.05 and B = 15000. 
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Fig. 24.— -Magnetization Ctirve for Soft Iron. 



If i == specific total core loss, i 

t \l + 1.23mV( 1 — -r) -f r ^ro^ t^^ formtdary. 

Thus finally 

i=> .398 r [1 + 4.43 r] 



c = 



W 



.072 



r^ (1 - r) 



, and 



sp. cm' 



= 1.09x1.38 = 1.505 
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With these three formulae the total losses that can 
be generated per cm^ of k D liv can be gone into for 
different values of r. The maximum permissible gen- 
eration for a temperature rise of 40° C. is 1.505 obtained 
above. Tabulating, the result is as follows: 
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Fig. 25. — Magnetization Curve for Soft Iron. 



r = 

• 

t = 
c = 


.4 

.442 

.75 


.5 

.602 

.575 


.6 

.874 

.5 


.7 
1.14 
.49 


i + c 


1 192 


1 
1.177 1.374 


1.63 



These values are for a density of 15,000 B. By a 
theorem already explained the minimum values for i+Cy 
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changing the density, is obtained by taking 2\/txc: 
where the value of the new B' is r— » and where 

X = — . In this manner the values are as follows: 
c 



30000. 











• 




"1 




























< 








































^ 




































/ 


/" 






































^ 


/^ 






































/ 


^ 






































/ 








































/ 


















^ 


• 




















/ 




















o 


















1 


7 












. 










"& 25000. 


















/ 
























A 
















/ 


























D 














J. 


r 


























o 
«0 












, J 


r 








































/ 








































/ 










































L 








































y 










































r 






























■ 


'^ 








J 




































2000Q. 






t 





































2000 5000 

5cal* of H'. 

Fig. 26. 



4000 



X 



.4 


.5 


.6 


.7 


1.15 


1.176 


1.32 


1 495 


.589 


1.05 


1 75 


2.32 


8,150 


14,800 


13,050 


12,160 



The specific excitation loss for the teeth and air gap 
is generally given by the formula 
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o >n .^ ^. , 2.93 X/ 1000 

Specific excitation loss = —r-i — - . — - 



Making the necessary substitutions, 



s.e. /= .108 



1000 



Furthermore the formula for current density is 



12x5x10* 



wx^(l — r) 



(10,000/ 



Performing the necessary calculations, knowing the new 
values oi B\ and determining the Arnold multiplier K^^ 

with -^ = -^77= = 6.9, the specific teeth and air gap A 
d .6Z0 

can be also tabulated. The value of z the tooth pitch 
is given by 2: = 2 -h j^. The value of K^ is then read 
off from Fig. 27. In this way, one has finally 



r «= 


.4 


.5 


.6 


.7 


WtXc 


1.15 


1.176 


1.32 


1.495 


s.e.l ■* 


.846 


.807 


.849 


.92 


t+c + e* -= 


1.996 


1.983 


2.169 


2.415 


B' 


18,160 


14,800 


13,050 


12.150 


A air gap and teeth « 


2.960 


2.530 


2.430 


2.440 


• 
*5 


48.6 


71.6 


102. 





* e is taken to represent the specific excitation loss. 
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The particular magnetic density finally decided on 
is B' = 15,000 with r = .5 and -I = 2.76. This is done 
because, as is obvious from the table, the temperature 
rise will be quite low (permitting of a great overload), 
and further the efficiency will be also better. The cuj- 
rent density in the armature copper will be 71.6. 



Fig. 27. — Air Gap Ampere Turn Correction Curves 

Attention will now be turned toward designing the 
commutator for this machine. The formula for the 
reaction voltage is 



<»-^''4--?(#/ra))- 



for a wave wound machine. 



do Dynamo design. 

Assume a maximum voltage of 600 volts, then v 
number of commutator segments. 



600 X 2 . 62 X. 128 ^,^77 
6X. 25x2. 25 - ^^-^ 



where r = .5 and B = 15,000. 

Taking a minimum commutator bar width of 1 cm. 
the diameter of the commutator must be 

— ^ = Dc = 17. 75 or say 18 cm. 

n 

A formula had previously been developed for the 
current density in the brush with a view to maximtun 
economy in the loss. 



\llO0 



Thus Jb= -^ — r\ci(\ — ^ ^•'^^ amperes per cm^. Since 
the output is 10 kw. the amperage must be 16.7 and 

1 f\ 7 

thus the cross section of brush is J X ' '- - = 1 . 965 cm*. 

4.25 

The following rule for width of brush may be taken 
that is, that the brush should not cover more than 
.09 of the polar pitch of the commutator. From this 
it follows since the diameter of the commutator is 

18 cm. that the width is — ^ or 1.25 centi- 

4 

metres. With this the active length of commutator 



EXAMPLES OF DESlGI^, 91 



1 965 
follows which is ' ^, - = 1.57. Bv takiijg a minimum 



voltage of 125 volts the current will be increased four- 
fold and hence the active length of commutator should 
be 4x1.57 = 6.3 cm. The minimum width of brush 
is one centimetre. 

Turning now to the 100 kw. machine two designs 
will be investigated; one for six poles, and the other 
for four poles. The first step is to obtain the formulae 
for iron and copper loss, using the empirical value of 
Bj and with the depth of slot X given by ^ = 2 log^o D, 
In this case >l = 3.75 for the six polar. The value of d 



is by 5 = 7r^F?r = -^ cm. Thus with B = 21 200 



i= .548 r[l + 7.55 r] 



.0712 
c = 



r^ (1 - r) 



The permissible radiating watts for the armature per 
nDliv. is 1.925 = 1.09x10"' /?.5. 
Constructing a table there is obtained the following : 
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r 

i 

c . . . . 
2v/7^ 



21200 



if' 

B'r 

H'(l-r) 
K' 



47r 



47r 



Total A, teeth and air 
gap 



Excitation loss e = .0444 



.4 

.882 

.742 

1.618 

1.624 

1.19 



20,300 

450 
8120 
270 
1.3 

5230 



1350 

6580 
A 



1000 



.5 

1.31 
.57 
1.725 
1.88 

2.3 



17,250 

105 
8625 
53 
1.2 

4980 



315 



5295 



.6 
1.82 

.495 
1.9 
2.315 

3.68 



15,300 

30 

9180 
12 
1.11 

4860 



90 



4950 



.7 
2.41 

.484 
2.16 
2.894 

4.97 



14,200 

15 

9940 
5 
1.06 

5060 



45 



5105 



e 


.292 
1.618 
54.6 


.235 
1.725 
74 


.220 
1.9 
104. 5 


.227 


*' + c' 


2.16 


ts 





The choice is therefore taken of jB = 17.250, and 
r = .5. 

Turning to the design of the commutator with a 
voltage of 600 and a lap winding, from the R. V. formula 



2.62x600x.21x3 ^^^ 
6X1.725*X.25 



EXAMPLES OF DESIGN. 93 

With a maximum number of 222 one centimetre 

222 

commutator parts, the diameter will be Dc = - — = 70. 

The current density in the brushes will follow from 

J,==JE^ = J 70^^450" ^ 5 35 
\ 1100 \ 1100 



TTT-.i- • r 100.000 ^^^ .^ . . 

With a maximum amperage of -^ — -^ = 270 (taking 

a minimum voltage of 125 V.) the area of the brushes 

270 
must be = 51.4. Taking the width of brush = 

o . ^o 

.09x — ^ — = 3.3. Hence the active length of commu- 
mutator necessary is -^-^ = 15.5 cm. 



Investigating the four-pole 100-kw. machine, the 
trial density will be 22,300 and X = 3.55. In this man- 
ner 

i = .326 r[l-h 5.72 r] 



.069 
r (1 — r) 



^^ = 1.09x^5. X 10-' - 1.54 



specific cm 
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Tabulating: 



c . . . . 

2\/T'c 



X = 



B' = 



22300 



26,200 

H' 2100 

B' r 10,500 

H' (1 -r) 1260 

K' 1.32 

.SdK'[B'r + H'(l-r)] 6750 

.8H' 5960; 

Total A 12,710 

Excitation loss = .057 A/1000 



.4 

.429 
.72 
1.11 
1.149 

.596 



.5 

.628 

.553 

1.178 

1.181 

1.136 



20,600 

500 

10,300 

250 

1.2 

5500 

1420 

6920 



.6 

.869 
.48 
1.29 
1.349 

1.81 



18,400 

200 

11,040 

80 

1.11 

5360 

569 

5929 



.7 
1.14 

.47 
1.465 
1.61 

2.43 



17,100 

100 

11,970 

30 

1.06 

5540 

284 

5824 



e 


.724 
43 


.394 
65.7 


.338 
91.8 


.332 


t- 


132 


i ••••••••••• 





The choice is therefore B = 20,600 and r = .5. In- 
vestigating for the commutator, with E = 600 and a 
lap winding, the maximum necessary comnjutator 
parts are 

2.62x600x.21x2 



v> = 



6x2.062x.25 



= 104 



Thus the diameter of the commutator Dc would be 
104 



t: 



= 33. This would give a ratio of diameter of 



33 

commutator to diameter of core = .55 = ttt^ This is 

oO 

rather small for a machine of this size. For the 10 kw. 
machine the ratiowas .7 and for a 1000 kw. it would be 
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about .85. Hence in this case it may be taken at .75 
which would give a commutator diameter of 40 cm. 



The value 



CO.. ^40 



X 450 



100 



= 4. 25. (With a diameter 
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Fig. 28. — Resistance and Voltage Drop Curves for Carbon 
Brushes at Average Pressures and Speeds. 

of 33 cm. the brush density would be quite low.) The 

7rX40x.09 



width of brush is 



= 2.83 or say 2.75 which 
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is rather large for a carbon brush. Since the output 
is 100 kw., at 125 volts the amperage is 400 and thus 

400 



the active length of commutator is 



4.25x2.75 



= 34 cm. 



A higher density could be employed and then the active 
length of commutator would be reduced to 29 cm. 

For the 1000 kw. machine with /? = 10 the trial 
magnetic density will be 25,000 and for X = 4.65 with 
/ = 42 and D = 210 

i = .685 r (1 + 11 r) 



c = 



.0684 
r^ (1 - r) 



The following table represents the calculation based 
on these formulae. The watts that can be radiated per 
TcDliv is 1.09 X 2.42 = 2.62. 



r . . . . 
t . . . . 
c . . . . 
i + c . . 



X = 
B' r 



t 
c 



H' (I -r) 

K' 

.8dK'[{B'r) H'(l-r)] 

.8H'X 

Excitation loss = .0238 A/1000 



.4 


.5 


.6 


1.48 


2.23 


3.12 


.713 


.546 


.475 


2.193 


2.776 


3.595 


2.06 


2.21 


2.44 


2.08 


4.08 


6.55 


20,800 


17,600 


15,600 


500 


135 


40 


8320 


•8800 


9360 


300 


68 


16 


1.33 


1.21 


1.13 


7400 


6910 


6840 


1860 


249 


595 



e . . . . 

2\/J7 

tc . . . . 



.22 
2.06 
53.2 



.170 
2.21 
75.5 



.164 
2.44 
106.5 



.7 
4.17 

.465 
4.735 
2.79 

8.88 

14,500 

12 

10,150 

4 
1.06 
6950 
15 

.166 
2.79 
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The choice therefore is -B = 17,600, r = .5. For 
the commutator the maximum voltage will be 750, and 
thus 

_ 2.62x750x.27x5 _ ^^ 
^■~ 6xl.762x.25 ' 



570 ^_^. . Dc 180 
^^^—^ 180 and ^ = — 



Thus Dc = -^ = 180 and -^ = ~ = .85. The 



1 180 



^wv, x220 
value of Jfc =xl ""T.^.^ — = 6. The brush width is 



— — T7^ = 5.1 and therefore the active length of 

the commutator would be 



1 000 000 



5x125x6x5.1 



In the foregoing designs no note was taken of the 
influence of the incremental eddy current loss in the 
armature as the machine would take on load. Prac- 
tically the increment will affect the magnetic density 
and also influence the size of the gap. V/hen the incre- 
ment is negligable the Niethammer formula for air 
gap can be acceeded to. The following shows the 
influence of Si, The excitation varies as adi and the 

increment as -r^ . Thus for minimum losses with -rr-, = 



\ 



dd' 
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Therefore that value of the air-gap depth is the best, for 
which, the excitation loss equals twice the value of the in- 
cremental iron loss. 

If then the old air gap is d the new air gap should be 



■=(i)'^- 



The following table has reference to the 1000 kw. 
machine with trial B = 25,000 with d = .808. 



r 


.4 
1.48 
.713 


.5 
2.23 
.546 


.6 
3.12 
.475 


.7 


• 

* 


4 17 


c 


.465 



n « incremental loss 



n 

c + n 



c + n 



25000 



^i 



B'r 



H'(l -r) 

B'r + H' (1 -r) ... 

^1 

.8i^i*[BV + H'(l-r)] 

.SH' X 

Total A 



.0324 

r« 

.505 
1.218 
2.68 

1.22 



23,800 

.666 
1250 
9520 
750 
10,270 
1.33 
8800 
4650 
13,450 
Excitation loss « .0238 A/1000 



259 
.805 
2.68 

2.77 



19,350 

.433 
425 
9675 
212 
9887 
1.21 
7740 
1580 
9320 



.15 
.625 
2.8 

5. 



16,650 

.338 

75 
9990 

30 

10,020 
1.13 
7300 
279 
7579 



.095 
.56 
3.06 

7.45 



15,100 

.26 
27.5 

10,570 
8 

10,578 

1.06 

7250 

103 

7353 



e 


.32 
.21 

.37 


.222 
.184 

.426 


.181 
.174 

.515 


.175 


ea* 


.1725 


X = — 


.664 


«' 





*es signifies the excitation loss for iair gap alone. 
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(Table continued from page 


.98.) 






'-{-^f^ 

n'' 

«" -n' 


1.415 

.184 

.382 

2.298 

46.5 


1.31 

.164 

.269 

2.411 

69. 


1.27 

.137 

.201 

2.599 

100 


1.166 

.125 
.135 






66.3 


2.925 


"' (B/10,000)(l-r)'* 





The choice therefore is 5 = 19,350, r — .5, and b = 
1.31. It was seen that larger magnetic densities 
diminish the armature self-induction. The design of 
the commutator would be slightly affected. 

With an average time load much below full load the 
air gap correction would be correspondingly smaller. 
Thus supposing the time-load factor to be a, it is obvious 

that the incremental iron loss will be M = a^, but % = — 

n 

and since n = (W)^ and the corrected air gap is 5' = 
-J (when b is the original air gap), the final value of 



the air gap with load factor a must be 5a' = a§ . -r- 

Thus 

5/ = a\ b' 

For a - .75 and b' = 1.31, bj = 1.08 cm., and for 
a = .5 with b' = 1.31 cm., bj = *826cm. 

In the matter of choice of poles the following price 
investigation will be of interest. It is obvious that 
the losses are increased for an increase in the number 
of poles. However the armature copper is diminished 
for an increase in the number of poles and the magnet 
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frame volume is diminished and consequently its cost. 
Let the cost equation be a D^ V where D = diameter of 
armature and / = length. Adopting the equation D'^ I 
= K = constant, then cost = at^ D^'^^, which if for a 
given D^ I the cost should be greater for the greater 
diameters, x must be greater than 2 y. Adopting the 

further condition that -p = e /> the cost per unit of 

radiative surface of the armature is proportional to 

x — 2y+l x + y—2 ^, . , .. j.. x r j- 

p ^ — K ^ . Obviously if the cost of radia- 

o o 

tive surface is to be independent of the D^ly x + y—2 

must be equal to zero and x is less than 2. In the 

same way by substituting in the value for p, y must be 

less than 1. Thus the formula for cost may be taken 

as price = a D^'^ I •^ 

MAGNET FRAME DENSITIES. 

It will be found that for poles made of soft steel, 
5=15,000 will be in the neighborhood of the most 
economical working magnetic density. The condition 
governing such density will be the total cost of iron 
and copper. A small magnetic density will necessitate 
a field coil of large diameter whereas too high a density 
in the pole would mean an inordinate increase in the 
field copper. For the yoke when made of cast iron the 
economic density will be about 7000 B, It may be re- 
marked that with a flux density of 7000 in cast iron 
there will be required the same magnetizing force as 
for a density of 15,000 in soft steel. 
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Air gap, ampere turn correction 

curves, 89. 
Air gap formula, 80. 
Air gap multiplier, 73. 
Armature coils, maximum number of, 

55. 
Armature coils, number of, 52. 
Armature conductor, effective length 

of, 47. 
Armature copper loss, specific, 79. 
Armature core relation to pole pitch, 

3. 
Armature iron loss curves, 10. 
Armature length of mean turn, 4. 
Armature losses, 14. 
Armature, radiative capacity of, 2. 
Armature self-induction, 48. 
Armature self-induction as effected by 

position of brushes, 50. 
Armature temperature rise, 67. 
Arnold multiplier, 88. 

Bearing friction watts, 74. 

B-H curves, equations for, 77. 

B-H curve for cast iron, 83. 

B-H curve for soft iron (dynamos) , 86. 

B-H curve for soft iron (stability 
plates), 87. 

B-H curve for soft iron (transformers), 
85. 

Brush dimensions, 38. 

Brush efficiency (maximum), 38. 

Brushes (carbon), drop and specific 
resistance for different current den- 
sities, 95. 

Brushes, current densities in, 38. 

Brushes, current density, 93. 



Brushes, effect of position upon the 
self-induction of the armature, 50. 
Brush friction watts, 74. 
Brush losses, 37. 
Brush voltage drop, 38, 74. 
Brush width, 90. 

Characteristic open circuit, 33. 
Characteristic, slope of, 35. 
Coils (armature), number of, 52. 
Coils (armature), maximum ntunber 

of, 55. 
Coils, number of for different speeds 

and windings, 53. 
Coils per slot, 52. 
Commutation, 39. 
Commutator design, 37. 89. 
Commutation, effect of cross field 

upon, 42. 
Commutator losses, 37. 
Commutator segments (minimum 

width), 37. 
Commutation, sparkless, 46. 
Commutator temperature rise, 67. 
Cooling curve, 63. 
Copper loss, 84. 
Ck)pperloss, armature, 14. 
Copper loss relative to length of mean 

turn, 5. 
Copper, specific resistance of, 74. 
Core depth, 16. 
Core iron loss, specific, 18, 78. 
Core volume, 17. 
Cross flux density, 31. 
Cross flux effect upon commutation, 

42. 
Current densities in brushes, 38. 
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Current density, 79. 
Current density in brushes, 93. 
Current density in field coils, 71. 
Current per circuit, 14. 
Current, value of per circuit, 30. 
Current volume, specific. 15. 
Current, working densities, 19. 

Design coefficient, 5. 

Design coefficient, output curves, 6. 

Design constants, 92, 94, 96, 98. 

Design, examples of, 82. 

Diameter of machine, 82. 

Drop in carbon brushes, 96. 

Eddy current loss curves, 10. 

Eddy current losses, 9, 28. 

Eddy current losses, superposition of, 
29. 

Eddy current loss, relative to flux dis- 
tribution curve, 11, 12. 

Eddy current loss, specific, 79. 

Efficiency relation to losses, radiative 
capacity and temperature rise, 5. 

E.m.f. equation, 14. 

Excitation loss , 87. 

Excitation, specific loss, 76. 

Excitation watts, 75. 



Heat capacity relation to si)eed. 64. 
Heat capacity relation to volume, 64. 
Heating curve, 63. 
Heating time constants. 62. 
Hobart and Parshall, tooth and slot 

conductivities, 69. 
Hysteresis loss curve, 10. 
Hysteresis losses, 9. 
Hysteresis loss, relation of to flux 

distribution curve, 12. 

Inductance of coils, 46. 
Iron loss, armature, 14. 
Iron loss in solid cores, 32. 
Iron loss curves, 10. 
Iron loss law, 59. 
Iron loss minimum, 11, 23. 
Iron loss, teeth, 15. 
Iron loss, total specific, 78. 

Length of machine, 82. 

Losses, armature, 14. 

Losses at brushes, 37. 

Losses at commutator, 37. 

Losses in dynamo or motor, 1. 

Losses, iron and friction, law of, 69. 

Losses, specific, 77-79. 

Loss (iron and copper), minimum, 24. 



Field coil, current density in, 71. 

Field coil, length of mean turn, 75. 

Field coil, temperature rise, 67. 

Field cross (effect upon commutation) 
42. 

Field excitation watts, 75. 

Field sparking voltages, 80. 

Fields, superposition of, 29. 

Flux, cross, 31. 

Flux, cross (effect upon commuta- 
tion), 42. 

FUx densities in frame, 100. 

Flux density, 79, 84. 

Flux density most efficient, 22. 

Flux distribution, 9. 

Flux distribution form of curve, 25. 

Flux per pole, 14, 69. 

Flux, working densities of, 19. 

Frame flux densities, 100. 

Friction loss law, 59. 

Friction watts, 74. 



Magnet frame flux, densities, 100. 
Magnetization curve for cast iron, 83. 
Magnetization curve for soft iron 

(dynamos), 86. 
Magnetization curve for soft iron 

(stability plates), 87. 
Magnetization curve for soft iron 

(transformer), 85. 
Magnetization curves equations for, 

77. 
Midtiplier, pole shoe, 5. 

Oscillograph, used to determine flux 

distribution, 9. 
Output-design coefficient curves, 6. 
Output equations, 3. 
Output, specific, 77. 

Parshall and Hobart, tooth and slot 

conductivities, 69. 
Permeability, variations of, 30. 
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Pole pitch, 3. 

Pole pitch factor, determination of , 8. 

Pole pitch factor for minimum iron 
loss, 11. 

Pole pitch factor, value of, 13. 

Poles, determination of number, 82. 

Pole, shape of, 4. 

Pole shoe multiplier, 5. 

Pole shoe, shape of, 4. 

Poynder and Wimperis, voltage regu- 
lation and speed. 36. 

Radiative capacity of armature, 2. 
Radiative capacity, specific, 80. 
Resistance of carbon brushes, 95. 
Resistance, specific, of copper, 74. 

Segments, commutator (minimum 
width), 37. 

Self-induction of armature, 48. 

Self-induction of coils, 46. 

Slot and winding diagram, 54, 57. 

Slot cross section available for wind- 
ing, 15. 

Slot depth, 71, 84. 

Slot diagram, 51. 

Slot minimum width, 52. 

Slot shape determination, 21. 

Slot and tooth conductivities, 69. 

Slots, number of, 52. 

Slots per pole, 52. 

Sparking voltage, 39. 

Sparking voltage (field). 42, 80. 

Specific current volume, 15. 

Speed (critical) effect on heating, 67. 



Speed, relation of to radiative capa- 
city. 2. 

Stability plates, 33. 

Stability plates, calculation of, 34. 

Superposition of eddy current losses, 
29. 

Superposition of fields, 29., 

Teeth iron loss, 15, 77. 
Teeth loss, 32. 
Teeth, volume of, 16. 
Temperature rise, 62, 86. 
Temperature rise of enclosed motors, 

66. 
Temperature rise permissible. 2. 
Temperature rise relative to radiative 

capacity losses and efficiency. 5. 
Thornton's rule. 16. 
Tooth pitch. 71. 

Tooth and slot conductivities. 69. 
Turn, length of mean on armature. 4. 

Voltage drop at brushes, 38, 74. 
Voltage equation. 14. 
Voltage range. 51. 
Voltage, sparking, 39. 

Wilson, Ernest, Professor, iron loss in 
solid cores, 32. 

Wimperis and Poynder, voltage regu- 
lation and speed, 36. 

Winding and slot diagram, 54, 57. 

Winding diagram, 51. 

Windage watts, 74. 



